Introduction
Use of wireless access to the Internet has exploded in recent years with appearance of mobile Internet access services such as i-mode and wireless LAN (WLAN) systems [1] - [3] . In the near future people will demand much higher data rate in wide coverage to transfer large data files or enjoy high quality video streaming anytime anywhere. Existing systems, however, can not satisfy such demands. For example, although cellular systems have very wide coverage, peak user rate they can provide is up to approximately 10 Mbps even on enhanced 3G systems such as cdma2000 1X Evolution Data-Only (EV-DO) [4] and high speed downlink packet access (HSDPA) [5] . In contrast, WLAN sys- † † The author is with National Institute of Information and Communications Technology, Yokosuka-shi, 239-0847 Japan.
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a) E-mail: nakanisi@wireless.comm.eng.osaka-u.ac.jp b) E-mail: sampei@comm.eng.osaka-u.ac.jp c) E-mail: harada@nict.go.jp d) E-mail: morinaga@it.hirokoku-u.ac.jp tems provide high throughput in the order of 10 Mbps; however, we can use them only in hot spots or small service areas consisting of several hot spots. Therefore, we need to develop future wireless communication systems which support broadband Internet access in the order of more than 100 Mbps with wide coverage equivalent to cellular systems. For this purpose we have proposed a dynamic parameter controlled-orthogonal frequency and time division multiple access (DPC-OF/TDMA) [6] . As for wireless access techniques for beyond 3G systems, there are several proposals: CDMA-based systems including variable spreading factor-orthogonal frequency and code division multiplexing (VSF-OFCDM) [7] and variable spreading and chip repetition factors (VSCRF)-CDMA [8] and TDMA-based systems including our DPC-OF/TDMA [6] , [9] .
The most important advantage of the TDMA systems is that they have potential high peak user rate because no intra-cell interference source exists and only a few inter-cell interference (ICI) sources exist. We, however, need to introduce power-efficient and high quality transmission techniques in physical (PHY) layer because broadband wireless access systems are power-limited systems due to huge path loss as well as the limited size of transceivers [10] . Moreover, the ICI, of course, limits their system capacity. Under these challenging conditions in multi-cell environment, the OFDM based adaptive modulation scheme (OFDM AMS), which adaptively controls modulation and coding scheme (MCS) for each subcarrier, can realize high throughput, and it enables the TDMA systems to have cell reuse factor one, thereby making them free from complex frequency planning [11] .
Furthermore, OFDM AMS with multilevel transmit power control (OFDM AMS/MTPC) can support higher throughput [12] because it maximizes throughput by the joint allocation of MCS and subcarrier transmit power. The OFDM AMS/MTPC, however, requires high computational load, and also the receiver must be equipped with feed back system of interference plus noise (I + N) level for each subcarrier and delay profile [13] , [14] . Thus, its implementation will not be easy in both of transmitter and receiver sides. Moreover, the ICI level variation for each subcarrier becomes more dynamic and faster due to subcarrier transmit power control in addition to frequency selective fading. As a result, the amount of feedback information to the transmitter side becomes large in the case of the OFDM AMS/MTPC.
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Therefore, we will present an effective OFDM AMS technique, which does not employ the MTPC but supports as high throughput as the MTPC supports. When an MCS is allocated to each subcarrier by the simple OFDM AMS, the received SINR for each subcarrier must satisfy a certain level to keep quality. The transmit power, however, is often much higher than the minimum required level and does not contribute to data rate enhancement. Therefore, a key point to improve throughput is how to efficiently reduce such surplus transmit power. For this purpose we propose a variable coding rate (VCR) introduced OFDM AMS, in which we reduce the required SINR gaps between adjacent MCSs.
We, however, have to solve one problem when we use multiple coding rates in the DPC-OF/TDMA; how to encode the data, map them on physical channel, and decode the data. Since we consider that the minimum unit of the transmitted data should be small to provide a wide range of data rate, time and system frequency band is divided into many physical (PHY) channel units, each of which can transmit 32-512 bytes of medium access control (MAC) payload. Based on this fundamental design, we dynamically control the number of PHY channel units for the MSs so that we can meet the MS's ability and requirements such as computational capacity and necessary throughput, etc. In this case, the requirement is that the number of bits mapped onto one PHY channel unit should be equal to one of the MAC packet size even though MCS for each subcarrier is dynamically controlled in the PHY layer. To satisfy this requirement, we will also propose a bit loading algorithm for PHY layer.
The rest of this paper is structured as follows. In Section 2, we describe the concept of the DPC-OF/TDMA. In Section 3, we describe how the OFDM AMS and OFDM AMS/MTPC work. The proposed VCR OFDM AMS is described in Section 4. Section 5 gives simulation results, and Section 6 concludes this paper. In Appendix, we provide a list of the abbreviations which are frequently used in this paper but not common.
Dynamic Parameter Controlled-OF/TDMA

MAC Layer Configuration
The most important feature of the DPC-OF/TDMA is its specification of MAC function. We designed it for ease of IP packet connectivity as well as for coping with various types and situations of terminals, e.g. low-end to high-end terminals determined by their required peak user rate, terminal mobility requirement and service class. Figure 1 shows the MAC frame formats, where the following three MAC channels are multiplexed [6] . frame control message slot (FCMS): This is a downlink control slot to be used for broadcasting system information and slot assignment information as well as for transmitting user specific control signals. activation slot (ACTS): This is an uplink control slot to be used mainly for initial terminal association to the system. message data slot (MDS): This slot is used in both the uplink and downlink, and IP packet is mapped to this channel.
In these MAC slots, the OFDM AMS is applied only on the MDS. Thus, this paper focuses on how to efficiently map the MDS to the PHY layer that employs the OFDM AMS algorithm. For simplicity of MAC protocol, MDS should be a fixed size. However, for maximizing throughput in the PHY layer, MDS size should be as flexible as possible. Therefore, we have prepared seven MDS transmission modes as shown in Table 1 . In the actual MDS slot, 12 bytes of header and 2 bytes of CRC are appended to the payload. When the traffic conditions are not so heavy, two or more MDS in a frame can be allocated to a user. Figure 2 shows the format for the physical layer, and Table 2 shows specifications for the OFDM that the DPC-OF/TDMA employs. The TDMA frame length is 2.5 ms, and one frame consists of nine time slots and a frame guard. In this frame format, the first slot in the downlink frame is used for FCMS, and the first two slots in the uplink frame are used for ACTS. As the slot length is 250 µs and the symbol interval is 10 µs, each slot contains 25 OFDM symbols.
PHY Layer Configuration
In the future broadband wireless communication systems, type of the terminals will be more diverged; lowend terminals, which support data rate up to several Mbps, to high-end terminals, which support data rate more than 100 Mbps. In the proposed DPC-OF/TDMA, to flexibly cope with such diverged user rate requirements, we have blocked 768 subcarriers into 12 blocks, each of which includes 64 subcarriers. In the MAC layer, access is controlled on each of the 64-subcarrier blocks. In other words, the DPC-Of/TDMA has 12 MAC channels to accommodate low-end terminals which employ only 64 subcarriers and high-end terminals which employ 128 or more subcarriers in the same cell. In this paper we call a time slot with 64 subcarriers "physical (PHY) channel unit," and also we call a time frame with 64 subcarriers "MAC unit" (see Figs. 1 and 2). One MDS packet with its payload size of 32-512 bytes is transmitted in one PHY channel unit, where size of the payload is determined by the channel conditions for the physical layer and size of data to be transmitted. Figure 3 shows a slot format for the MDS transmission in the case when we employ the OFDM AMS or OFDM AMS/MTPC in the DPC-OF/TDMA. In this case, we use six symbols as preamble symbols to estimate channel and transmit side information, and one symbol for guard time. Thus, we use 18 symbols for MDS data transmission. For example, when QPSK with rate-1/2 convolutional coding is employed on all the 64 subcarriers in a physical channel unit, we can transmit 144 bytes of data; therefore, mode 3 in Table 1 will be selected as the payload size of MDS. When the channel condition is so good that 16 QAM or 64 QAM is applicable in some subcarriers, mode 4 or higher will be selected. On the other hand, when BPSK or 1/2-rate BPSK [15] has to be employed in some subcarriers, selectable mode will be 2 or lower.
OFDM AMS and OFDM AMS/MTPC
Configuration of the Transmitter and Receiver
Basic operation of the OFDM AMS is to select an MCS that achieves the highest transmission rate while satisfying a target bit error rate (BER) according to the channel state information (received SINR). The MCSs, however, have gaps between their required SINR. Thus, surplus transmit power over minimum transmit power which is required to satisfy BER does not further increase data rate. When the MTPC is employed, such surplus power is reallocated to any other subcarrier to step up its MCS. Therefore, the MTPC is an effective technique to maximize throughput using allocated total transmit power. Figure 4 shows configuration of transmitter and receiver for the OFDM AMS/MTPC. The most important issue is that the transmitter should know the received SINR for each subcarrier to jointly control MCS and transmit power. For this purpose the OFDM AMS/MTPC transceiver includes feed-back process of delay profile and interference plus noise (I + N) level as shown in Figs. 3 and 4 . The delay profile acquisition process consists of 1) channel estimation in the receiver using pseudo noise (PN) sequence embedded in the channel estimation (CE) subframe and 2) feedback of the delay profile in the delay profile information (DPI) subframe using analog quadrature amplitude modulation (QAM) and code division multiplexing (CDM) [13] , [16] . The estimated delay profile is also used for fading compensation and branch metric calculation in the Viterbi decoder.
The I + N level for each subcarrier is estimated by calculating vector error of the received symbols from the reference symbols, which are regenerated by re-encoding the soft-decision decoded data. To further improve precision and to reduce the amount of feedback information in the interference level information (ILI) subframe (see Figure 3), the I + N level estimator takes the average values of vector error over adjacent subcarriers in one data subframe. This number of averaged subcarriers is a system parameter. When the receiver feeds back the estimated I + N level, it uses a CDM technique to improve the received SNR of the QAM modulated ILI signals [14] .
In the transmitter, to keep the received signal level constant, total transmit power is set by TPC command. Under this constraint of power and the conditions of delay profile and I + N level, the AMS/MTPC controller sets the MCS and transmit power for each subcarrier. In this paper the AMS/MTPC controller and the VCR AMS controller, which will be described in Section 4, assign one MCS in one block consisting of adjacent subcarriers. We will call the block of subcarriers "AMS control unit." Because information about MCSs used in the AMS control units are mandatory for demodulation process, it is notified to the receiver as the modulation level information (MLI).
Problems of the OFDM AMS/MTPC
One of the critical problems for the OFDM AMS/MTPC is that the requirements for hardware implementation is substantially tight due to its adaptive control of MCS and subcarrier transmit power as well as feedback signalling. As described in [12] , the OFDM AMS/MTPC algorithm calculates the subcarrier transmit power required to use higher level MCS, and then increase the MCS level of the subcarrier that has minimum value of the required transmit power. Because this procedure is continued until total transmit power is fully distributed, the algorithm includes a large number of multiplication operations as well as comparison operations which cover all the subcarriers except the ones which already have the highest level MCS. Furthermore, to control transmit power for each subcarrier, more multiplications are required.
In addition to the load in the transmitter, additional circuit blocks are required in the receiver side for accurate feedback of the DPI and ILI. Since the feedback signals are generated by weighting the measured delay profile and I + N level, the receiver also needs to operate additional multiplication. The multiplication operation is usually timeconsuming and becomes, in turn, space-consuming if we try to shorten the processing time by parallel processing. In the DPC-OF/TDMA system, the short processing time is favorable so that MS can communicate data packets with small latency, and at the same time AP and MS should be small. Therefore, the hardware implementation of OFDM AMS/MTPC is very complicated in both of AP and MS.
Moreover, the OFDM AMS/MTPC has another problem, i.e., ICI level for each subcarrier varies more dynamically than the non-MTPC employed systems because surplus power is re-allocated to other subcarriers, which reduces correlation of the ICI level between adjacent subcarriers. Hence, receiver should feed back more information about I + N level. However, because total transmit power is limited in the ILI feedback part, SNR for each component which is code-division-multiplexed decreases; as a result, precision in feedback information will be degraded.
Variable Coding Rate Introduced OFDM AMS
Advantages of the Proposed Scheme
In this chapter we introduce variable coding rate control to the OFDM AMS in order to improve throughput without employing the MTPC which has the problems described in Chapter 3.2. When we employ only the OFDM AMS, the received SINR for each subcarrier are continuous random variables, whereas the required SINR for MCSs have only certain discrete levels. Therefore, there exists power margin (surplus transmit power) which does not contribute to increasing throughput. In contrast, when the MTPC is employed, this surplus transmit power is efficiently utilized to maximize the data rate. For this reason, if we just remove the MTPC, the throughput performance will be degraded. Therefore, we develop an alternative technique to the MTPC so that we can remove the MTPC without substantially sacrificing throughput performance.
The main reason for the existence of the surplus power in the non-MTPC used OFDM AMS is that the gaps between the required SINRs of two adjacent MCSs are so large. Therefore, in order to reduce the the SINR gaps, we prepare more MCSs by introducing variable coding rate control using bit puncturing technique. Figure 5 shows configuration of transmitter and receiver for the VCR OFDM AMS. The VCR OFDM AMS algorithm itself is much simpler than the OFDM AMS/MTPC algorithm because it basically estimates once the received SINR and compares the value with the required SINR of the candidate MCSs. Furthermore, when this VCR AMS controller is deployed in the receiver side as shown in Fig. 5 , the feedback signalling of DPI and ILI is not required any more. Hence, we can reduce the design complexity which is caused by the transmission and detection of the feedback signals as well as the adaptive control of subcarrier transmit power. Although in this case it is necessary to send request MLI (RMLI) signal from the receiver to the transmitter, signalling process is the same as the MLI signalling. Therefore, we can expect huge reduction of computational complexity as well as the improvement of frame efficiency in the case of the VCR OFDM AMS. Even if the receiver feeds back the DPI and ILI subframe for the sake of more advanced control, receiver can feed back I+N level averaged over larger blocks than those in the case of the MTPC. This is because the ICI level fluctuation in frequency domain is suppressed by nonemployment of the dynamic control of subcarrier transmit power. Table 3 shows the MCSs to be used in the proposed VCR OFDM AMS and OFDM AMS/MTPC in this work. Because both MCS sets include 1/2-rate BPSK [15] with coding rate of 1/2 and we have to map coded bits into 18 OFDM symbols, we block 64 subcarriers in a PHY channel unit into 32 blocks (each block includes two subcarriers) so that we can map 9 source bit information on two subcarriers in each frame. As we have defined in Section 3.1, we will call such a block "AMS control unit."
Modulation and Coding Schemes (MCS)
Although coding rate of the original convolutional encoder is 1/2, we employ two types of bit puncturing scheme and combine them with the modulation schemes to create MCS set which has approximately 1.5 dB of the required SINR gap. The first column in Table 3 shows modulation schemes, where m is the number of coded bits conveyed in an AMS control unit. r 1 in the second column is the coding rate realized by bit puncturing using the conventional bit deletion map [17] . In this paper we call this process "first bit puncturing." In addition to this process, as the second bit puncturing, a bit is deleted every i p bits. Because this process can be regarded as the reduction of coded bit by (i p − 1)/i p , we can equivalently regard the overall coding 
rate as r = r 1 r 2 , where r 2 is i p /(i p − 1). In Table 3 , selectable MCS set for A) OFDM AMS/MTPC and for B) VCR OFDM AMS are shown in the fifth and sixth column, respectively. In the case of the OFDM AMS/MTPC, we employ an MCS set which has 3 dB SINR gaps between adjacent MCSs, because we have confirmed that this condition enables the system to have high throughput [11] . In contrast, in the case of the VCR OFDM AMS, the SINR gaps are reduced to approximately 1.5 dB. In addition to the MCSs in Table 3 , we employ a carrierhole mode in both schemes. Thus, the number of MCSs is 9 in the OFDM AMS/MTPC, and 16 in the VCR OFDM AMS.
Here, we need to mention the number of symbols required to transmit MLI or RMLI subframe. Because 9 or 16 MCS modes can be represented in 4 bits and the number of AMS control unit in a frame is 64/2 = 32, total bit length for MLI or RMLI is given by 4 × 32 = 128. Thus, we transmit these information over two OFDM symbols using QPSK with rate-1/2 convolutional coding.
Bit Loading Algorithm
When an adaptive modulation scheme is introduced, the number of transmittable bits changes dynamically slot by slot. We, however, have only 6 payload sizes for MDS in the MAC layer, as shown in Table 1 , in order to simplify the MAC protocol. Therefore, how to efficiently map an MDS onto each PHY channel unit is a critical issue. Figure 6 shows the encoding process used in the proposed scheme. The basic idea of MAC data mapping onto a PHY channel unit is that the first and second puncturing with different rates are applied to partitioned blocks in one coded MDS sequence. Let us assume that the total number of bits of MDS payload, header, and CRC is n in f o (bits) and that this n in f o bits includes K − 1 tail bits for convolutional encoder with its constraint length K. And also, let us express the number of the coded bits for the first puncturing coding rate of 1/2, 2/3, 3/4, 5/6, and 7/8 as n c1/2 , n c2/3 , n c3/4 , n c5/6 , and n c7/8 , respectively. First, the MDS data is encoded by 1/2-rate convolutional encoder after (K − 1) bits are appended as tail bits. The coded bit sequence is then divided into sub-blocks according to the obtained numbers of bits as shown in Fig. 6 , and the first and second puncturing are applied to each block. Therefore, how to calculate n c1/2 , n c2/3 , n c3/4 , n c5/6 , and n c7/8 is a very important issue.
In the proposed system, these numbers has to be calculated in the transmitter side from the MLI or notified RMLI which will be applied to the next transmission. At the same time, we also have to satisfy that these numbers can be accurately estimated in the receiver side by using the MLI obtained from the received signal or the RMLI which has been transmitted to the transmitter side. When these requirements are satisfied, the receiver configuration becomes very simple; after the number of bits for each coding rate is detected, the bit-level branch metric sequence is calculated, and bit metrics of 0 are inserted into the appropriate positions in the sequence, followed by a conventional Viterbi decoding process.
The calculation for the number of bits in the sub-blocks is as follows:
Let us express coding rate for the first and second puncturing and transmittable coded bits in the s-th AMS control unit of j-th OFDM symbol in a PHY channel unit as r 1 (s, j), r 2 (s, j), and m(s, j), respectively, where the selectable numbers for these values are shown in Table 3 . Moreover, we define the end of block (EOB) that indicates the last OFDM symbol to which the MAC data are mapped, and we use index b.
When the MLI or RMLI is obtained, we can know how many coded bits can be loaded in each AMS control unit because coding rate for the first and second puncturing as well as the modulation scheme can be obtained using Table 3 . Therefore, the number of transmittable coded bits after the second puncturing for the coding rate of r 1 = R 1 and r 2 = R 2 , and EOB of b is given by the following iterative form. Because this is the number of coded bits after the second puncturing, the number of coded bits before the second puncturing (after the first puncturing) can be obtained as
where [x] denotes the largest integer value less than or equal to x. Thus, the total coded bit length for the coding rate of r 1 = R 1 can be obtained as
We then calculate the total coded bit length just before the first puncturing n 1/2coded (b). At this stage, although n punc1all (R 1 , b) is unique, the n 1/2coded (b) is not unique. , the number of input bits (before puncturing) is 9 to 11. However, when we impose a restriction: to load as many information bits as possible, we can get a unique number as
On the other hand, when the payload size for MDS slot is D(l), where l is the MDS mode number, the MDS data size is given by
Therefore, we will check whether or not the following conditions are satisfied.
When these conditions are satisfied, and n 1/2coded (b) and n punc2 (R 1 , R 2 , b) are larger than n 1/2coded and n punc2 (R 1 , R 2 ), n 1/2coded and n punc2 (R 1 , R 2 ) will be updated to n 1/2coded (b) and n punc2 (R 1 , R 2 , b). Moreover, allocable MDS mode (l) is also updated. This process will be continued until b reaches N b , where N b is the number of the OFDM symbols in a PHY channel unit. In this process, initial values for n 1/2coded , n punc2 (R 1 , R 2 ), and l are zero. When l is still zero after the process for b = N b is finished, no MDS data will be transmitted. On the other hand, when l is non zero value, encoding process shown in Fig. 6 will start using the obtained values, and the data after second puncturing will be mapped onto the first b symbols of a PHY channel unit.
Computer Simulation
Simulation Setup
Throughput performances on the downlink are evaluated by computer simulation. Simulation parameters are shown in Table 4 . In this simulation, we evaluate performances only for one PHY channel unit which has 64 subcarriers and slot length of 0.25 ms. As we have mentioned, by this PHY channel unit, one MDS with the payload size listed in Table 1 is transmitted. Therefore, throughput for whole the system is 96 times higher (12 subcarrier-blocks times 8 time-slots). Carrier frequency is 5 GHz, and symbol rate is 100 ksps. Each cell is sectorized into three sectors, and its radius is 100 m, which is wrapped by 6 cells to equivalently simulate ICI for infinitely and continuously spreading service area. We assume that MSs are located randomly in the 7-cell area, and each MS searches an AP with the highest level of received pilot signal in the downlink. To simulate the propagation, we use the outdoor to indoor & pedestrian model [18] as the path loss model, log-normal distribution (standard deviation = 8 dB) as the shadowing model, and exponential decaying 12-spike Rayleigh model as the multipath fading model. We assume that channel estimation and notification of DPI and ILI work perfectly because we have already developed such techniques [12] - [14] . Under these conditions, we evaluate throughput performances, where throughput is defined as the number of transmitted bits per second over error-free PHY channel units. Figure 8 shows frame error rate (FER) performance for different block sizes, where the block size means the number of consecutive subcarriers over which I + N level is averaged. As we have mentioned, the proposed VCR OFDM AMS uses all the 16 MCS modes in Table 3 , whereas the OFDM AMS/MTPC uses only the 9 modes. Figure 8 also includes performances for the conventional OFDM AMS, as a reference. This conventional OFDM AMS does not employ the MTPC algorithm but uses the same MCS set as the OFDM AMS/MTPC system uses. In the case of the OFDM AMS/MTPC, FER is improved with the block size until it reaches 8, but it is getting degraded when the block size is further increased. In contrast, in the cases of the VCR OFDM AMS and conventional OFDM AMS, FER improves until the block size reaches 16 and 32; moreover, it remains low in the large block size region. This FER degradation in the small block size region is caused by the lack of accuracy of estimated I + N level due to the small number of averaged samples. In contrast, the FER degradation in the large block size region is caused by fluctuation of ICI level in frequency domain. This impact, however, is negligibly small in the cases of the VCR OFDM AMS and conventional OFDM AMS. Thus, when we employ the VCR OFDM AMS, we can adopt 16 as the block size, twice as large as for the OFDM AMS/MTPC. Figure 9 shows probability density functions (PDFs) of MDS modes. This PDF shows percentages of the packets with each MDS mode out of error-free packets. In this figure, the block size for I + N level estimation is optimized using Fig. 8 . The optimized values are 16, 32, and 8 for the VCR OFDM AMS, conventional OFDM AMS, and OFDM AMS/MTPC, respectively. Although the OFDM AMS/MTPC outperforms the other schemes, the probability of mode 6 for the VCR OFDM AMS is still high; it is approximately 50%, and 25% higher than the conventional OFDM AMS. Figures 10 and 11 show average throughput performances for different block sizes and delay spread values (100 ns and 200 ns). From these throughput values, system throughput is approximately calculated by multiplying by 8 × 12 when the DPC-OF/TDMA has 8 TDMA slots and 12 FDMA subchannels as specified in [6] . In both figures, throughput of the OFDM AMS/MTPC is degraded with increase of the block size due to the FER degradation. For example, in Fig. 11 its peak value is 1.1 Mbps when the block size is 8, but it falls to 0.98 Mbps when the block size is 64, which is 10% reduction of the throughput. In contrast, the VCR OFDM AMS and conventional OFDM AMS does not experience such serious degradation. Furthermore, the VCR OFDM AMS outperforms the conventional OFDM AMS in any situations, and even the OFDM AMS/MTPC when the block size is large. 
Conclusions
In this paper, we have proposed the VCR OFDM AMS for the DPC-OF/TDMA to achieve high throughput with low design complexity. In the VCR OFDM AMS, we prepared an MCS set with its required SINR gap of around 1.5 dB to achieve high throughput even without MTPC. We have also developed a new adaptive bit loading algorithm for subcarriers to efficiently transmit fixed size MAC payload while maximally utilizing advantages of the OFDM AMS under severe multipath fading conditions. Computer simulation confirmed that the VCR OFDM AMS is effective in achieving high throughput equivalent to that of the OFDM AMS/MTPC; therefore, it is a promising technique for the DPC-OF/TDMA.
